China has water shortage problems, especially in its northern region. The accelerated industrialization in the country further compounds the issue. A drastic corrective measure is the South-North Water Diversion Project which will transfer 40 billion m 3 /year of water from the south to the north. Other less dramatic abatement measures are water pollution control and wastewater reuse practices.
Severn Trent Services has participated in three projects in China that involve tertiary treatment of wastewater for reuse. One project in Dalian utilizes a fixed-film biological treatment technology (SAF TM ) and a deep bed sand filter (DeepBed TM ) for upgrading a municipal secondary effluent for various industrial reuses. The other two projects employ the same treatment technologies for potential recycle of wastewater for internal reuses in two petrochemical complexes.
The SAF TM treatment technology and DeepBed TM filter system were proven to be technically efficient and cost effective for upgrading secondary effluent for reuse. The Dalian reuse plant with a capacity of 20,000 m 3 /day flow is producing a high quality reusable effluent with NH 4 -N at <1 mg/L, TSS < 1 mg/L and COD < 40 mg/L. The treatment plant owner is satisfied with an investment return of less than 3 years payback period. The end users realize about 60% cost savings by using the tertiary treated wastewater in place of potable water. The City of Dalian preserves the precious drinking water for domestic consumption and has sufficient fresh water to entice foreign investments to Dalian. It is a perfect model of a win-win policy.
The treatment technology is also applicable to the upgrade of industrial wastewater for reuse. The pilot study at PetroChina Jinxi Petrochemical Plant No. 5 demonstrated that the technology was able to produce a high quality effluent for reuse with less than 1 mg/L of NH 4 -N, 5 mg/L of TSS and 80 mg/L of COD. If a COD standard of 40 mg/L is absolutely required for cooling water makeup, a physical/chemical treatment would have to be added.
INTRODUCTION
China is the most populous country in the world with a population of 1.3 billion. It has about 2,800 billion m 3 /yr of water resources or annual per capita water availability of 2,300 m 3 , which is about ¼ of the world average, yet it ranks at approximately the 13 th poorest country in water resources. Furthermore, owing to the uneven spatial and seasonal distribution of the limited water resources, it creates a severe water shortage in many regions, especially the northern provinces. A case in point, the city of Beijing has an annual per capita water availability of merely 300 m 3 , which is about 1/8 of the national average, and 1/30 of the world average. The Haihe watershed in the north has utilized almost 96.8% of its water resources (Zhang and Zhang, 2002) .
The severe water shortage problems in China require drastic corrective measures. One of the most ambitious solutions that China is undertaking is the South-North Water Diversion project. The enormous project will re-allocate water from the water-rich south to the arid north. It will utilize a series of rivers, lakes, canals, dams, waterways, aqueducts, including the Yangtze and Yellow Rivers (Associated Press, 2003) . The project in three diversion routes will supply 40 billion m 3 /year to the north and benefit 300 million people at a cost of $15 billion for the first 2 phases of the project.
Other less dramatic but equally important measures are water pollution control, wastewater recycle and reuse, water usage minimization and saving and groundwater exploitation. Building wastewater treatment plants for water pollution control is a basic necessity to protect the already limited available water resources. It is especially important that water not be polluted along the routes of the North-South Diversion Project during the transfer process.
Wastewater recycle and reuse is another important way for water conservation, which makes great economic sense. After making significant investments in pollution control plants, it will be very cost effective to further treat the effluent for various reuses. This will not only lessen the impact of wastewater discharges on polluting the environment, it will also preserve the "virgin" water for other water users that require higher quality. This "cascade" mode of water utilization scheme will maximize the efficiency of water usage. It is in agreement with a Chinese motto in dealing with a shortage challenge "create resources and reduce outflow". This paper will depict three water reuse cases in northern China. One will describe the tertiary treatment of a municipal wastewater for various industrial reuses and the other two cases will deal with the upgrade treatment of petrochemical and refinery secondary effluent for potential reuse as the cooling water in the production units.
TREATMENT TECHNOLOGY
Each of the three reuse applications presented here is an upgrade of an existing treatment system. Limited space was available for additional treatment equipment, so fixed-film biological treatment was evaluated due to its small footprint and high treatment capacity relative to conventional treatment technologies. SAF TM (Submerged Aerated Filter) technology provided by Severn Trent Services (STS) was selected over other fixed-film biological processes such as BAF (Biological Aerated Filter), MBBR (Moving Bed BioReactor), and RBCs (Rotating Biological Contactors) because of its simplicity, reliability and cost advantages.
SAF
TM is an upflow, fixed-film biological reactor that uses a very coarse mineral media (~20-40 mm ES) compared to a conventional BAF (~2-6 mm ES). By avoiding the use of fine media, SAF TM eliminates the high head loss, air and water distribution problems, and plugging potential typically associated with BAF. SAF TM has no nozzles, no small openings, and no moving parts, which further minimizes pluggage potential. SAF TM requires far less instrumentation and valving than BAF because no backwashing is required, and because there is no differential head loss between SAF TM reactors to complicate distribution of influent wastewater and process air. Despite the larger media size, SAF TM can still approximate the same footprint as a typical BAF because a deeper media depth of course SAF TM media can be used without concern for head loss problems normally associated with BAF media at a comparable depth. Whereas BAF combines biological treatment and solids removal in a single unit process, SAF TM focuses on optimizing biological treatment and uses a separate solids separation step if necessary for the application. SAF TM followed by filtration provides a better effluent than BAF alone. SAF TM simplifies the BAF concept, yet maintains the advantage of high capacity treatment in a small footprint. Clients for these three reuse projects were attracted to SAF TM because of its simplicity, reliability, and minimal instrumentation requirements.
The SAF TM reactor consists of a concrete cell containing a mineral media of high surface area. The bottom of the SAF TM cell is fitted with an STS T-Block floor. T-Blocks are plastic-jacketed concrete blocks that weigh about 25 kg each. The blocks are arranged in rows across the bottom of the SAF TM cell. The plastic jackets have spacers along the sides that maintain a gap of 3 mm between the rows of block. The blocks also interlock to form a grid structure that resists movement during upset conditions. The SAF TM cell contains no nozzles or jets.
A stainless steel air header is located along the base of one side (length-side) of the cell. Air laterals, also stainless steel, are attached to the air headers. The system is arranged so that an air lateral runs under every other row of block across the width of the cell. The air lateral contains a number of small, drilled holes to distribute process air across the width of the cell.
Wastewater enters the cell through one of three feed pipes running the length of the cell below the T-Blocks and air laterals. The feed pipes are fitted with a number of inlet pipes that deliver feed into different portions of the cell. The rows of T-Block are arranged in an alternating pattern so that one row covers an air lateral and the next row covers an inlet pipe.
This alternating arrangement continues along the length of the cell. The wastewater feed and process air enter the cell under the T-Blocks, and then mix and rise through the gaps between the rows of blocks. The flow rises through the media where the attached biomass oxidizes the BOD and ammonia. The treated effluent is discharged to a launder at the surface of the reactor. Any suspended solids that enter the SAF TM cells or are formed within it, are discharged with the effluent for removal by a downstream clarifier or filter.
A fixed-speed blower supplies process air to the air header. There is normally one dedicated blower per SAF TM cell, with a common system spare. In the event of a blower failure, the standby blower starts automatically and an alarm is initiated. The blowers are fitted with the usual pressure and temperature sensors.
Because there is no accumulation of solids in the SAF TM cells, there is no need to backwash. The only maintenance required is to operate the flush valves on the SAF TM inlet pipes. This is typically done once per week and takes about 15 minutes total.
For two of the reuse applications discussed here, SAF TM is followed by downflow, DeepBed TM filtration. The DeepBed TM filter is typically a rectangular concrete cell that is fitted with an STS T-Block floor similar to the SAF TM reactor. The DeepBed TM filter underdrain, however, is configured slightly differently than the SAF TM cell in order to accommodate filter backwashing requirements. Unlike the SAF TM underdrain, the DeepBed TM filter has a sump that runs through the center of the cell beneath the T-Block floor. This sump is covered with plates that are securely fixed to the floor. The plates are arranged so that there is a small gap between each plate. In filtration mode, treated water exits the filter in a downward fashion through the gaps in the sump cover plates. In backwash mode, the backwash water supply enters the filter sump and passes in an upward fashion through the gaps between the plates to enter into the filter.
The DeepBed TM filter also has an air header located along the side of the cell. Air laterals are screwed into the header and extend across the full width of the cell. The laterals are drilled with holes nominally 1mm in diameter. There are no nozzles or jets. Although the air supply systems for SAF TM and DeepBed TM filters are physically similar, they have very different purposes. Whereas SAF TM uses the air system to distribute process air required for biological metabolism, the DeepBed TM filter uses the air system to distribute backwash air that is used to remove solids that have accumulated in the filter.
The T-Blocks in the DeepBed TM filter are arranged so that one row covers an air lateral, the next row covers a gap between the sump cover plates, the next row a lateral, and the next row covers a gap, continuing this alternating arrangement all the way along the cell. The T-Block floor is then covered with gravel layers varying in size from 40mm at the bottom to 6mm near the top. The gravel layers are 450mm deep in total and are arranged to avoid gravel mounding during backwashing.
Above the gravel layers is the STS filter media. This is a high purity silica sand media, 2 to 3 mm effective size, rounded and of highly uniform size. The media depth is typically between 1.2 and 1.8 m.
In operation, flow enters through a launder at the top of the filter and flows downwards. Solids are retained within the media bed. Because of the media characteristics, there are large void areas within the media to hold solids. As a result, the solids holding capacity is high and the backwash frequency is low.
After passing through the media, the filtered water flows through the gravel layers and exits the filter thorough the gaps between the T-Blocks and the gaps between the sump plates. It then flows to the clearwell. This is a tank used to store water for use in backwashing. The outlet level of the clearwell is set to be the same as the level of the top of the media in the filter. This means that even when there is no flow to the filter the water level stays above media level.
As the filter operates, solids build up in the media. This build up causes an increase in head loss, which results in an increase in water level in the filter. The filter must be cleaned by backwashing. During backwashing, the influent flow is normally shut off and the filter is isolated. Air is discharged through the air laterals and rises through the gaps between the rows of T-Block.
The air enters the gravel layers and flows upward through the filter media. The air scour phase is used to loosen the bed and normally lasts for 2 to 3 minutes. Backwash water is then pumped into the sump under the T-Block floor and rises between the gaps in the sump plates and mixes with the air discharged from the air laterals under alternate rows of blocks. The air/water mixture, lasting 15 to 20 minutes, rises through the bed, providing very intense cleaning.
Finally, the airflow is stopped and a water-only wash, lasting about 5 minutes, is used to remove trapped air from the media. The filter is then brought back into service. The whole backwash process takes less than 30 minutes. At no time during the backwash is the media fluidised. Because of this there is virtually no loss of media from STS filters.
The feed system for the DeepBed TM filter is arranged so that when one filter is in backwash the flow is automatically split between the remaining filters. The filters are designed to take the increased flow during this period. Normally, backwashing is performed once or twice per day and is initiated based on a timer.
DALIAN HENG JI WASTEWATER REUSE PROJECT
Dalian is located in Liaoning, a northern province of China. It is a deep-water seaport that serves as the gateway of sea transport in the northeastern China region. The city is proud of its progressive tradition with people of innovative and entrepreneurial spirit. With a population of 2 million, its daily water consumption is about 1 million m 3 /day, which consists of 350,000 m 3 /day for domestic consumption, 350,000 m 3 /day for industrial uses and 300,000 m 3 /day for commercial and public institutions utilization.
It is a city with limited water resources of about only ¼ of the national average. The majority of city water comes from two reservoirs located 100 to 150 miles away. There have been times recently during the drought season when the water level in the reservoirs dropped dangerously below the alarming limit to necessitate a cut back in domestic water usage. The city government formulates a program to subsidize the farmers to convert their water intensive farming to dry land cultivation in order to save the water for domestic usage.
There are many venues being investigated for solving the water shortage problems in Dalian such as seawater desalination, water conservation, and importation of water from other regions. However, wastewater reuse is designated as the top priority on the list of solutions to overcome the regional water shortage for the following reasons: A. The reusable wastewater is the water readily available within the city boundary. The treatment and reuse of the wastewater will not only abate the pollution problem but will also alleviate the water shortage situation. In effect, the polluting wastewater is now becoming a water resource. B. There are many large industrial complexes, enterprise zones, and commercial and public institutions that are adjacent to the wastewater treatment plants that can utilize large quantities of reuse wastewater in place of potable water. This will save the potable water for other users that require higher water quality. C. Dalian is such a progressive city with a close relationship to the central government. Oftentimes, the central government will implement new policies in Dalian before such policies are carried out nationwide. A vivid example of this is the current privatization of wastewater reuse being encouraged and demonstrated as policy in Dalian.
Dalian Heng Ji Company anticipated a great business opportunity in wastewater reuse in Dalian city. In the year 2000 it began doing market research and investigating various wastewater treatment and recovery technologies. It first located a municipal wastewater treatment plant in the Dalian Development Zone (DDZ) that had several potential big industrial water users in the adjacent area and secured the exclusive right to the usage of the wastewater. Then after a vigorous technical evaluation and cost comparison, it selected the SAF TM fixed-film biological treatment technology and DeepBed TM filtration process by Severn Trent Services (STS).
In August of 2001 Heng Ji and STS entered into an agreement to start the 1 st phase of the wastewater recovery project to treat 5,000 m 3 /day of secondary effluent from the DDZ municipal wastewater treatment plant for reuse. At press time both parties are proceeding to the 2 nd phase of the project for another 15,000 m 3 /day effluent recovery.
Two main treatment systems are utilized to remove Biological Oxygen Demand (BOD), Ammonia-Nitrogen (NH 4 -N), and Total Suspended Solids (TSS) from secondary effluent generated by the existing treatment process. In the scheme, a DeepBed™ gravity filter follows a SAF™ reactor. After the solids removal step, the final plant effluent is disinfected. Table 1 lists the influent and effluent characteristics for the tertiary treatment facility. 
Secondary effluent wastewater flows through a 5-6 mm mesh screen to capture large debris before flowing into a transfer pump station. The contents in the transfer pump station are pumped to a SAF reactor influent splitter box where the flow is distributed through three feed pipes that are cast in the floor through the center of the reactor. Wastewater flow through the reactor is 5000 m 3 /day. BOD and NH 4 -N are biologically removed in the SAF reactor. To enhance the biological startup phase and establish a healthy population of bacteria in the reactor, the system is seeded with biological sludge from a nearby municipal activated sludge facility.
The wastewater enters the bottom of the SAF and flows upwards through a bed of media until it reaches an overflow trough above the reactor media. The reactor is 3.56 meters wide x 25.6 meters long. It contains 4.88 meters of 40 mm diameter media that provides a support structure for the surface growth of biological organisms. There are two manual influent and effluent isolation valves located on the reactor vessel. These remain open during normal operations.
Process air is blown into the bottom of the SAF co-currently with the wastewater at 450 m 3 /hour to provide oxygen to the biological organisms. The biological solids created through the reactions continue to grow on the media. The solids will keep building on and within the media bed until they release out of the system. This release is commonly referred to as "sloughing off" and the solids are contained within the effluent water from the SAF. To prevent the build-up of biological solids in the feed piping system, a manual flush is conducted periodically.
The solids created by the SAF operation are removed utilizing a DeepBed gravity filter. The filter is 2.9 meters wide x 9.75 meters long. It contains 1.83 meters of a specially selected media with an effective size of 2.3-3.0 mm. The media must pass specific tests of effective size, uniformity, density, and sphericity. The media is supported by 459 mm of gravel arranged in five different sized layers.
There are five major automatic valves located on the filter vessel. The influent and effluent valves remain open during the filtration mode. The clean backwash water, dirty backwash water, and backwash air valves are only open during a backwash. The gravity filter system can either be operated manually from a local control panel or automatically through a PLC. A human machine interface is available for the operator to oversee the operation of the treatment system equipment.
Effluent from the SAF gravity flows through the gravity filter influent control valve into the influent distribution trough that runs along the top of the filter. As the wastewater passes through the filter bed, suspended solids are retained and stored in the voids between media grains. The filtered effluent passes through an open effluent valve and into the clearwell where treated wastewater is stored for backwash water.
Accumulation of solids decreases the void space in the filter bed. As the filtration cycle progresses, eventually the filter must be removed from service and backwashed to remove solids from the media bed. A backwash cycle consists of a sequence of valve openings and closings, and cycling on and off of the backwash air blower and backwash water pump. A major part of the backwash procedure is a simultaneous application of air and water for 15 minutes. Backwash air and water are pumped up through the bottom of the filter. Backwash air is blown in at a rate of 91.4 m/hr (2580 m 3 /hr) and backwash water at a rate of 14.7 m/hr (415 m 3 /hr).
The use of air provides the necessary agitation, rotation, and scrubbing action of sand media. The rising air bubbles loosen captured suspended solids while the rising water acts as a transport medium carrying the solids up and out of the filter bed into the dirty backwash trough and to the mudwell. The mudwell temporarily holds the dirty backwash water while a mudwell pump (69 m 3 /hr) slowly transfers the contents to another source for further treatment.
At the end of the air and water cycle, the air is stopped, and the water continues for 5 more minutes. This water rinse is used to purge the air out of the media bed that may be trapped in the voids. Otherwise, this entrapped air in the filter bed will create a false head loss when filtration resumes. After the rinse is completed, the filter is returned to filtration.
From the clearwell, the treated water overflows to the chlorine contact tank. Chlorine is added for the purpose of disinfection and for removal of any NH 4 -N remaining in the stream. Chlorine is injected into the front end of the tank through a diffuser feed pipe. The chlorine contact tank provides enough contact time with chlorine and wastewater to allow the necessary reactions for treatment.
Chlorine is added based on two parameters: the wastewater flow rate into the chlorine contact tank and the free chlorine in the outlet of the tank. The wastewater flow rate is measured through the system, and chlorine is paced from that signal. Also, a free chlorine analyzer checks the free chlorine at the end of the chlorine contact tank and adjusts the chlorine addition based on the free chlorine setpoint.
A sample from the outlet of the chlorine contact tank is analyzed for NH 4 -N and Chemical Oxygen Demand (COD). Analyses are used to determine whether the system is achieving the effluent limits.
Treated, chlorinated wastewater overflows to the cooling tower transfer tank. The tank contents are transferred to a storage tank to be pumped for reuse.
The capital investment for the 20,000 m 3 /day wastewater recovery plant is estimated at US$ 2.5 million. The land area it occupies is 1,200 m 2 . The total operating, maintenance and capital depreciation cost is about US$ 0.12/m 3 including an operating cost of US$ 0.04/m 3 . The market price for this high quality reusable wastewater is about US$ 0.25/m 3 which is significantly below the fresh water rate for industrial use at US$ 0.40/m 3 . That is one of the incentives for the industrial customers to practice wastewater reuse. Another motivating factor for the customers is that the city government will lay the pipeline to convey the tertiary treated wastewater to the customers' site for their utilization. The industrial customers will have to use it or risk having the water cut-off. Heng Ji, with the encouragement from the city government, will have a good return from its capital investment with less than 3 years of payback period. The city government will alleviate the water shortage dilemma and save the fresh water for attracting foreign investment to Dalian. Therefore, the wastewater reuse project is a perfect model for a win-win policy.
PETROCHINA JINXI PETROCHEMICAL PLANT NO. 5
The petrochemical and refinery industry is classified as a major water user and wastewater discharger in China. It consumes approximately 2.78% of all national industrial water consumption. Jinxi Petrochemical Plant No. 5 of PetroChina is located in the western part of Liaoning province. It has a capacity to process 5,500,000 m 3 of crude oil annually. The crude mostly comes from the nearby Liaohe Basin and Daching oil field and some from import. The principal products include gasoline, jet fuel, diesel oil, Kerosene, lubricant oil, liquefied petroleum gas, wax, MTBE, commercial heavy oil, and bitumen.
The source of water supply for the Jinxi Plant is from Hulutao city, which has a severe water shortage problem. As a conscientious corporate citizen, the Jinxi Plant is actively looking for ways to reduce the water usage and minimize the pollution impact to the environment. The reuse of its process and sanitary wastewater from its secondary effluent has been considered by the management to be a viable measure to achieve this goal with significant economic incentives. However, in order to render the secondary effluent reusable, it has to be upgraded by tertiary treatment. Therefore, various advanced treatment processes were investigated in 2002. This section will review the results of a pilot study by STS utilizing SAF TM and DeepBed TM filter technologies for the advanced treatment.
The secondary treatment plant at the Jinxi Plant consists of equalization, oil/water separation, activated sludge treatment, and chemical coagulation/sedimentation. The current wastewater flow to the secondary treatment plant is 16,800 m 3 /day of which 9,600 m 3 /day will be recovered for reuse as the cooling water makeup in the first phase and 7,200 m 3 /day will be demineralized as the boiler water makeup in the second phase.
The secondary treatment plant in general has performed satisfactorily for discharge, however, it would require further upgrade treatment in order to meet the reuse standard for cooling water makeup (see Table 2 ). The major parameters that required further treatment are ammonium-nitrogen, COD, suspended solids, and oil and grease. The STS pilot study was setup to demonstrate the feasibility of removing these contaminants.
The pilot plant had a hydraulic capacity of 40 liters/minute. It had an influent tank with 1 m 3 capacity, a SAF TM reactor with a size of 0.4 m in diameter and 4.5 m depth of gravel media or a media volume of 488 L, a gravity filter also with 0.4 m in diameter and 1.8 m depth of sand bed and finally a clear water tank with 1.5 m 3 capacity. A chemical feed tank was also provided to feed sodium carbonate and phosphoric acid to supply the necessary alkalinity for nitrification and phosphorus nutrient to the biotreatment system.
The system began nitrifying after three days in a batch operation mode following seeding with nitrifying sludge from a municipal sewage treatment plant from Dalian and a commercial bio-culture specific for refinery wastewater treatment. The pilot plant was then changed to a flow-through mode. The influent flow rate was gradually increased by an increment of about 2.5 m 3 /day during the first phase of the study and held at a steady state during the second phase. In the first phase of the study the refinery underwent a turn-around campaign. The ammonium nitrogen in the secondary effluent steadily decreased to an unusual low level.
In order to keep a reasonable NH 4 -N loading to the SAF TM system, the flow to the pilot plant was increased aggressively every day until the empty bed hydraulic retention time (EBHRT) reached 20 minutes while the influent NH 4 -N dropped to below 3 mg/L. The SAF TM reactor was very efficient and effective in removing NH 4 -N. Even at the low EBHRT of 20 minutes, the effluent NH 4 -N was kept at 0 mg/L at all times except the first three days during the startup as shown in Table 3 . The filter was also superb in removing the TSS from the SAF TM effluent as the filter effluent was crystal clear with 0 mg/L of TSS. However, the removal of COD was only about 12%. This indicated that the existing activated sludge process was doing a good job in removing COD in the refinery wastewater. The residual COD in the secondary effluent was probably recalcitrant to the biological treatment. The second phase of the pilot study was designed to accomplish two treatment objectives: firstly, to verify that the excellent nitrification efficiency could be maintained by the SAF TM bioreactor with a higher NH 4 -N concentration in the influent at the design EBHRT of 172 minutes and secondly, to attempt to reduce the "recalcitrant" COD in the influent by inoculating SAF TM with another commercial bio-culture. Table 4 shows the results of the pilot test. The test results during the second phase indicated that even at an average influent NH 4 -N concentration of 22.6 mg/L, which was more than twice the historical average influent value, the nitrification by SAF TM was performing superbly with an average effluent concentration of less than 0.4 mg/L. If the data from the first three days of the startup in this phase were excluded, the effluent NH 4 -N would be less than 0.16 mg/L. That is far less than the effluent requirement of 1 mg/L. The effluent total suspended solids were not detectable most of the time with an average concentration of 0.2 mg/L or 99% removal. The removal of oil & grease was also significant at 67.4%. The average effluent O&G at 0.88 mg/L was less than the required limit of 1 mg/L. The attempt to further reduce COD from the secondary effluent by adding a commercial culture was only marginally successful as the COD removal efficiency merely improved from 12% to 22% over the previous phase of the pilot test. It further demonstrated that the residual COD in the secondary effluent was mostly non-biodegradable. If the requirement of an effluent COD of 40 mg/L is to be met, this recalcitrant COD will have to be reduced by some other physical/chemical treatment method such as activated carbon adsorption, oxidation by ozonation, UV, hydroxyl radicals, or their combinations, and reverse osmosis.
The requirement of 40 mg/L COD for reuse water as the cooling water makeup merits further discussion. The establishment of this 40 mg/L limit was somewhat arbitrary without a solid basis. A review of the COD requirement for cooling water makeup in the industrialized countries such as Japan and the United States indicates a consensus limit of 75 mg/L (Zhou 2002) . The main reason for setting up a COD limit in the cooling water makeup is to reduce the potential for bio-growth in the cooling system. If the residual COD in the tertiary treated effluent is biologically recalcitrant, it seems that a strict requirement of BOD in the reuse water would make more logical and economical sense.
A profile of the fate of contaminants across the unit treatment processes is depicted in Table 5 . As expected, COD had little change across the SAF TM bioreactor owing to its recalcitrant nature and any minor removal by SAF TM was offset by the increase in the suspended solids. The reduction of COD by the filter was the result of the TSS removal. The increase of TSS by the SAF TM treatment was minor, which was a reflection of the small biomass generation by nitrification of the incoming ammonium. The filter effectively removed all the TSS as the effluent TSS were non-detectable most of the time. The nitrification of the influent ammonium was practically completed by the SAF TM reactor with some incidental reduction by the filter. The oil and grease removal was accomplished biologically by SAF TM and physically by filter associated with TSS reduction. 
PETROCHNIA HARBIN PETROCHEMICAL PLANT
The petrochemical complex is located in Harbin, the northernmost big city in China. It has a capacity to process 3 million tons of crude oil per year. The products from the refinery plant include unleaded gasoline, diesel oil, jet fuel, kerosene, liquefied petroleum gas, industrial propylene, propane and polypropylene.
Aware of the utilization of large quantities of water in the refinery process and the potential for pollution problems associated with the wastewater discharge, the plant management focused a great effort on cooling water recycle and wastewater treatment improvement. The existing secondary wastewater treatment system consists of 2 oil/water separation tanks, an equalization tank, 4 DAF units and 6 activated sludge aeration basins with clarifiers. The plant also has a tertiary treatment system equipped with chemical coagulation, inclined plate sedimentation, granular media filtration and granular activated carbon adsorption.
The existing treatment plant is unable to remove NH 4 -N from the wastewater, which has a high average NH 4 -N concentration of 150 mg/L. With such high NH 4 -N in the treated effluent, it cannot even meet the discharge limit of 50 mg/L let alone be considered for wastewater reuse. Therefore, the first priority of the treatment objective is to reduce the NH 4 -N in the effluent to 50 mg/L in order to comply with the discharge requirement. At the same time a reuse possibility is being explored.
A pilot study program was established to evaluate the nitrification capability of the SAF TM process. The same pilot plant used for the Jinxi study was utilized at Harbin, with a slightly deeper media depth of 4.8 m. The only major deviation in operation between the pilot studies was the necessity for recirculating a portion of the SAF TM effluent back to the SAF TM reactor owing to the high NH 4 -N concentration in the influent at Harbin plant. A recirculation stream of 0.7 gpm was practiced here. Sodium carbonate was added to the influent to provide the required alkalinity for nitrification. It was found that maintaining a sufficient alkalinity in the system was critical to nitrifying the high ammonium wastewater. A sodium carbonate dosage of 7 mg per mg of NH 4 -N oxidized was adequate to satisfy the nitrification requirement.
The pilot plant was started up with a nitrified seed from the Dalian treatment plant on April 17, 2003 on a batch operation mode. After a week of acclimation the pilot system was ready to begin a flow-through mode with an empty bed hydraulic retention time (EBHRT) of 25.8 hours without effluent recycle or an EBHRT of 3.23 hours with the recycle. It took about two weeks for the system to achieve a steady state when the EBHRT was decreased to 8.61 hours without recycle or 2.58 hours with recycle. At that time the influent NH 4 -N was 120 mg/L while the effluent NH 4 -N was 0 mg/L with complete nitrification. The increase of flow to the pilot plant was made gradually at a rate of 0.05 gpm per increment. It normally took two days for the system to attain a steady state in the beginning period of the operation while it would only require one day of operation to achieve the steady state at the later period of the study. This is understandable as the impact of the flow increment to the treatment system would be less significant in the later stage when the flow to the system was larger than 0.6 gpm. As such the flow increment of 0.05 gpm would represent only less than 10% of the flow to the system. Table 6 is the operating data for the pilot plant study. In order to best account for the variation in the influent NH 4 -N concentration and the gradual flow increment, a curve was developed to correlate a specific NH 4 -N loading to the SAF TM bioreactor with the effluent NH 4 -N concentration. The specific NH 4 -N loading was expressed in pounds NH 4 -N per 1,000 ft 3 SAF TM reactor volume per day or kg NH 4 -N per m 3 SAF TM volume per day. As shown in Figure 1 at the NH 4 -N loading of less than 35 lbs/1,000 ft 3 /day (0.56 kg/m 3 /day) SAF TM could achieve a complete nitrification. At the NH 4 -N loading of 55 lbs/1,000 ft 3 /day (0.88 kg/m 3 /day) 90% nitrification was accomplished. At about the loading of 80 lbs/1,000 ft 3 /day (1.28 km/m 3 /day) the effluent NH 4 -N would reach 50 mg/L, which was the benchmark for the NH 4 -N discharge limit. Anymore increase in the NH 4 -N loading would render the treatment system unstable and not be warranted. It has been recommended that the SAF TM system be used immediately to nitrify the secondary effluent to meet the effluent NH 4 -N limit of 50 mg/L for complying the regulatory requirements. An expansion of SAF TM can be made later when wastewater reuse is initiated. The reuse of the treated effluent will make economic sense since the physical/chemical tertiary treatment facility is already in place. It will take a minimum additional capital investment to upgrade the effluent to high quality reusable water.
CONCLUSIONS
To help alleviate the water shortage and pollution problems in China, tertiary treatment of municipal sewage and industrial wastewater for reuse should be seriously evaluated. Of particular interest and importance is the persistent drought situation in northern China where chronic water shortage warrants all creative measures to prevent polluting the existing limited water resources and create new water sources. The reuse of wastewater fits this scenario well.
The Dalian wastewater reuse project has demonstrated that the SAF TM fixed-film biological process and DeepBed TM filtration are technically efficient and cost effective to upgrade secondary effluent for non-potable reuses. The treatment owner, reuse water end users, and the city government all benefit from the project. The practice proves to be a win-win policy.
The pilot plant studies at PetroChina Jinxi and Harbin Petrochemical Plants further illustrated the technical capability and cost advantages of utilizing the SAF TM bioreactor and DeepBed TM filter for upgrading industrial wastewater for discharge or reuse. The coupling system is flexible, easy to operate, and capable of producing high quality reusable effluent for beneficial use.
